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DIRECT WRITING OF OPT.CAL DEVICES IN SILICA-BASED GLASS 
USING FEMTOSECOND PULSE LASERS 

Related Applications 

1 999 entitled Direct Writing of Optical Devices ,n Sn,ca-Based Glass 
S SSLond Pulse Lasers o, Nicholas F. B"-^^ 
Smith and to U.S. Provisional Patent Application No. 60/1 72,1 22 
7 1999 entitled Femtosecond Laser Writing of Glass, 

e s Ul .ide and Lead Glasses of — F. Borrelli, 
David L Morse, Alexander Streltsov, and Bruce Artken. 



Technical Field 

t2 , The invention relates to methods for efficiently forming optical 
15 devices n glass. Specifically, the invention relates to d,rect-wnte 

20 methods. 



25 



Background 

,,, Optical waveguides and other light-guiding or light-managing 
s, uc.u°e P ovL much of the terrestrial high-speed infrastructure 
o f th te ecommunications industry. Light-guiding wavegu.des, wh.ch 

which are formed by index perturbations spaced along United lengt 
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of the waveguides to separate narrow bands of wavelengths from 
broader band signals. 

I41 The waveguides generally take fiber or planar forms fashioned 
om doped silica-based materials exhibiting contrast^ refractve 
nTces Further variations in refractive indices for form.ng grat.ngs 
anToL^p flea, structures can be made by exposing P ho,osens rt ,ve 
op«ca materials to patterns of actinic radiation within the absorpt.on 
%£L of\he optica, materials. The absorption mechan.sm *m e 
photo-induced variations to surfaces or regions near the surfaces 
homogeneous optical materials. 

Recently high energy pulses beyond the absorption edge of silica- 
Lased mamriais have been demonstrated to produce refract.ve ,ndex 
rhanaes Lde bulk glass. Such changes open possibilities for 
S^C^'menstonal optica, circuitry in which ,ight-gu,d,ng 
or I "drying structures are formed throughout glass volumes. 
Eventually, m capability is expected to simplify manufacture and 
feduce space requirements of optica, structures performing complex 
or numerous optical functions. 

For example an 810 nanometer (nm) wavelength ThSapphire 
I er emttn 1 'femtosecond (fs) pulses at 200 ki,ohertz (kHz) as 
been used o direct write the cores of waveguides in silica-based glass 
samples The puls es at 810 nm are well beyond the absorpt,on edge of 
he sita glass samples. Focused laser beam power reaching the glass 
samp " was regu,a.ed by filters between 40 and 800 milliwatts (mW). 
Translation speeds between the laser beam and ^the glass samp e 
varied between 100-10,000 microns per second (^m/s). Refractve 
Z* (n) increases of nearly 0.04 were reported, which , appar nt 
resulted from repeated exposures. Core diameters wnttenmto ^glass 
samples varied as a function of the average beam power reachmg the 
samples. 
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m The mechanism responsible for the index change ,n the sil ca- 
tased glass samples is no. well understood. However, smce the .ndex 
c ange is produced by high energy pulses at wavelengths beyond t e 
absomtion edge of the glass samples, multiphoton (,.e., ™^'" M '> 
ab orp 1 is be,ieved *° b6 31 ' eaSt Part ' a " y reSPOnSib ' e ' ° 
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relating to the changes in the glass include local ^nsHica,^ the 

sr.: =rs ~« rrr-rrL 

increases the change in refractive index. 

[81 Amplified femtosecond pulse sources, such as 

;r.r». *»«. t «.~~d P «.. .-«»« •»«' » 

thermal damage. 

,„ While the requisite index changes for writing waveguides have 

^ index modified glass. The physica, damage can attenuate opt.ca, 
20 signals transmitted through the glass. 

[101 to make the femtosecond laser direct-write method practical 
substantial changes in the retractive index (e.g., »10») of a matenal 

^'-^-~£~:„ 

such as optical gratings. 

Summary of Invention 
30 ,1„ ourlm^nln'oneor^ofteembod.m^p^ 
mproved direct-write methods o, forming ^^ls 
managing structures within silica-based matenai substrates^ Three 
rmensional light-guiding and light-managing structures, such as 



properties of the bulk glass. 

• tump? 

tractive index without harming the waveguiding properhes of the 
glass. 

* „ ««^mc of hpat Drevent further mcreaseb m 

glass. 

35 the bulk glass, which disrupt the transmission of light. 
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Iss to temperatures around 500 degrees cent,grade (-C). However, 
bulk glass. 

„«, Pulse durations are preferably kept as short as possible to 
m il L exjosure intensity of pulses having limited pulse energy. 
O The X energy is more linked to the generation of heat than ,s the 

° , « nuL ntensity The repetition rate is also preferably increased as 

S pulse rates of amplified femtoseoond pulse sources are s U expend 

G , Q remaln sl0 wer than the thermal diffusion rate of the sil.ca-based 

| matehal substrates, So the heating effects o, the pulses rema.n 

20 substantially independent. 

St along the optical axis and causes a distortion from round n 

30 inside the bulk glass. 

[18l in accordance with another aspect of the invention, it has been 
d overed that soft silica-based materials -^it -reased ens.t.v.ty 
t0 ultra-fast laser writing of optical structures .n the but glass. 
Femtosecond laser-induced refractive index changes can be more 

35 e ^ly produced in silica-based compositions having an anneahno pent 
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that is ,ower than that of the 5 mol.% germania ^GeO ) - 95 ^ 
r<?iO } svstem in that lower pulse energies and faster translation 
Ipeeds tri produce equivalent increases in refractive index as harder 
silica-based materials. 

„ 91 in accordance with another aspect of the invention, a method is 
Led to di rec„v write ,ight-guiding structures in glass using short- 
pulse lasers with substantially no physical damage of the glass, 
[act in accordance with another aspect of the invention, a method is 
provid d to write three-dimensional optica, structures 
bulk g!ass Specifically, the invention provides for translate the 
efracte index-increasing focus of an ultra-fast laser through a 
silica-based substrate in the x-, y-, and z-dimensions. 
,21, in accordance with still another aspect of the invention, a variety 
o, optical ^cL are disclosed which incorporate optica, structures 
made by the methods described herein. 
,22, These and other aspects of the invention wil, become apparent to 
those skilled in the art in light of this disclosure. 

Drawings 

[23l Fig. 1 is a schematic arrangement of equipment used in 
20 practicing the invention. 

,24, Fig 2A and Fig. 2B show the positioning of the incident laser 
beam relaL to the scan direction in the top-write and ax,a,-wr,te 
orientations, respectively. 

[25] Fig. 3A and F,g. 3B show the scanning beam profile and la 
25 photograph of the cross-sectiona, shape of waveguides ,n the top-wnte 

orientations, respectively. 

r?6l Fiq 3C and Fig. 3D show the scanning beam profile and a 
phlS the cross-sectiona, shape of waveguides in the ax,a>- 
write orientations, respectively. 



* ar arp oersDective views of the top-write 

Z,^^^^^ op,ica ' devices in 

bulk glass. 

l281 Fig. 5 is a schematic drawing of the equipment set up for 
5 observing the far-field pattern. 

10 131] Figs 8A - 8B are photographs of near-field I intensity patterns of 
10 'waveguides written in fused silica, germania-doped s,l,ca. 

l321 Figs. 8C and 8D are traces of the intensity of the near-field 

pattern in soft silica compositions. 

[331 Fig. 9 is a plot o, pulse energy and refractive index increase 
15 showing a saturation in the increase in refract.ve ,nde, 

l341 Fig. to is a photograph o, a Y-coupler written in silica using the 
invention. 

[35] Figs. 11A - 11D show various exemplary optica, devices that can 
be made using the invention. 

20 Detailed Description 

[361 A direct-write method of forming light-guiding structures in a 
Z slstrate according to the ^^^T^ - 
selecting a substrate made from a B,.,ca-baaed mate nal in ^ 
nght-guiding structure is to be for ucing an increase in the 

25 a position within the substr ate effect e for « and trans lating 

guiding structure within the substrate along the scan path. 



[371 The method can be better * t prac8cing 

generated arrangement of an ea.uip n - «PJ ^ 

th e invention, as shown . n ,g ^ ^ ^ g ^ sample 4 

beam 2 which is focused at a focus p ^ ^ x _ 

by a .ens 5. The glass sample * translati0 n o, the 

stage, 
as an optical waveguide. 

,„, „ ; — rrr;r ™ :™» 

30 waveguides shown in.Fig.3A and Mg. beam proffle 

writt en»waveguides e as ~ 13 , shown 

in the vicinity of the focus ^ reia iv "axial-write" 
for the "top-write" ^^^Z focus is translated 

35 sampleTL scan Erection, a genera,, ellipsoid 
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focal length of the focusing lens 5. 

with reference to Figs. 4A and 4B. As snown , , ation 
f0 cused by the lens 5 to the focus * „ 



I ™;::'^ X :;:an^ di rect to ns frorn a firs, position 



" 1 5 



S TzTa. de h D, o I second position (x 2 , y 2 , z 2 ) a, depth D 2 

™££ :r=rr ^rp':r if 
s^^^^ - * and r- respective,y; or 

x and z, may be the same as x 2 and z 2 , respectively. 

The puised laser beam 2 is characterized by several beam 



25 



30 



1 0 



be. for example, a ThSapphire amplifier system. One suitable laser is a 
Quantronix Odin multipass amplifier. 

,44, A suitable focusing lens includes a microscope objective having a 
2 nidation power o, about 5x to about "^^^ s " 
h ave a numerical aperture (NA) between around 0.15 and 0.30 but 
preferably greater than 0.2 and more preferably around 0.26. The 
preferred focusing lens 5 is an aspheric lens for achieving a 
diffraction-limited spot size of the focused laser beam. 
,4 51 The translating device can be any device capable of translating 
'sample ^th respect to the beam focus at the translation speeds 
i in.rlt Preferably the translation speed lies in the range of 
ruf™ per Second (,m/s) to about 500 Jj-^ 
(um/s) or faster. For example, a computer controlled XYZ positioning 
device, available from the Newport Co., can be used. 
,46, The time duration of each pulse, a.k.a., the pulse width is less 
ha abouMSO fs. Lasers having pulse widths of this duration or 
rhnrter are referred to as femtosecond or ultra-fast lasers. 
P ,e b ; , p 'se width is about 40 fs to about 60 fs. However, 

pulse widths as short as 18 fs have been used to 
oracle the invention. The repetition rate or pulse frequency 
generally * within a range extending from about 1 KHz to about 250 
kHz lor amplified laser systems, with the higher rates generally 
preferred. 

nutses focused to diffraction-limited spot sizes through numerical 
pulses ' oc " se ° preferred pulse energy for writing waveguides 

30 r s Tc S h ttems in^seTsiiica is'around 0.8 * and for borosilicates 
0.5(iJ. 

,48, While the examples below refer to moving the glass sample 4 with 
especT to a fixed focus 3, the skilled artisan will readily appreciate 
a el ively the laser focus 3 could be moved relative to a fixed 
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sample 4, or both the laser focus 3 and sample 4 could be moved 
simultaneously with respect to a fixed reference po int to achieve the 
desired relative translation speed between the sample 4 and focus 3. 
,49, While the drawings have depicted the glass samples 4 suitable for 
use in the present invention as having substantially planar surfaces 
oriented at right angles to one another, the skilled artisan will 
recognize that the invention is not limited to such regular so id 
geometries. Rather, the invention can be used to direct-wnte opucal 
waveguides in virtually any regular- or irregular-shaped three- 
dimensional sample. It is preferred, however, that the sample be 
positioned relative to the incident laser beam such that the beam ,s 
substantially perpendicular to the surface of the sample through wh,ch 
the incident beam passes. 

,501 The composition of the substrates in which the light-guiding 
S structures are written by this invention are silica-based materials, 
including undoped fused silica and doped binary and ternary s, ,ca 
systems. Silica-based materials are preferred in light of their various 
desirable optical properties as well as their widespread use in 
telecommunication device applications. 
0 [51] By "silica-based materials", we mean glass compositions that 
nclude silica and which are essentially free of alkali, alkaline earth and 
transition metal elements, as well as other impurities that would cause 
absorption in the 1300 - 1600 nm range. If present at all such 
impurities will typically not be found in the silica-based ma tenals used 
»5 in this invention at levels higher than 10 ppb (parts per billion). 

,52, We have found that waveguides can be written more easily in bulk 
substrates made from soft silica-based glass compositions using lower 
pulse energies and/or faster translation speeds than in hard silica- 
based materials without sacrificing the magnitude of the induced index 
30 change Soft silica-based compositions appear to be more sensitive to 
direct writing of light-guiding structures using ultra-fast 
(femtosecond) lasers than hard silica-based composition glasses. 

,53, For the purposes of this disclosure, "soft" silica-based materials 
are defined as doped or undoped silica-based materials having an 
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annealing point less than that of 5 mol.% Ge0 2 - 95 mol.% SiO, i .e 
smca-based materials having an annealing point less than about 1380 
h™ KelvTn i <°K) The preferred silica-based glasses are undoped 

viscosity of the material is 10« » poise. 

,64, Undoped soft silica-based materials include, for example, _ 
colerci/grade fused silica, such ^^aSi. 
have an annealing point in the range of about 1261 K to about 
As for the doped systems, the preferred dopants wh,ch can be used 
soften sL include oxides of the elements boron, phosphorous, 
a—m and germanium, such as borate (B 2 0 3 ) phosphate (P 2 0 5 ), 
alumina (Al 2 0 3 ), and germania (Ge0 2 ), respectively. 
,55, In binary boron-doped silica-based systems, the borate content 

20 wt % B 2 0 3 - 91 wt.% Si0 2 composition ,s about 1073 K The annea ng 
point of the 20 wt.% B 2 0 3 - 80 wt.% SiD 2 composite ,s about 999 K. 
, 561 in binary phosphorous-doped silica-based systems, the phosphate 
content can lo comprise up to 20 w,.% or more phosphate For 
example the binary glass systems 10 wt.% P 2 O b - 90 wt. A S,0 2 and 7 
^ ZTp O - 93 wt % SiD 2 can be used to practice the mventon. The 
25 wt. h P 2 O s 93«. 2 composition is about 

annealing point of the 7 wt. /» p 2 l>s »J 
1231°K. 

,57, in binary aluminum-doped silica-based systems, the alumina 
content may comprise up to 20 w,.% or more alumina. 
the binary glass systems 10 wt.% Al 2 0 3 - 90 wt.% S,0 2 can be used 
practice the invention. 

1581 in binary germanium-doped silica-based systems, the germania 
ontent can comprise up to about 22 wt.% or -re germane. Fo 
example, the binary glass systems 20 wt.% GeG 2 - 80 wt./, S,0 2 and 
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wt % GeO z - 78 wt.% Si0 2 can be used to practice the invention. The 
annealing point of the 20 wt.% GeD 2 - 80 wt.% Si0 2 composition is about 
1323-K while that of the 22 wt.% Ge0 2 - 78 wt.% Si0 2 com P os,t,on ,s 
about 131 1°K. 

5 ,591 "Hard" silica-based materials are defined as doped or undoped 
I a-based materials having an annealing point higher than a, of the 

5 mol % GeO, - 95 mol.% Si0 2 system, i.e., higher than about 1380 K. 

Examples of hard silica-based materials include dry fused I silica which 

has an annealing point of about 1425°K. As is generally known .n the 
10 art "dry fused silica has virtually no residual hydroxyl groups, while 

commercial grade fused silica can have higher levels, for example, 

about 800 ppm hydroxyl groups. 

,601 The skilled artisan will readily appreciate that many other silica- 
based compositions could be used to practice the invention. 
15 , 61] The silica-based materials used in this invention are preferably 
made by a flame hydrolysis process. In such a process, silicon- 
containing gas molecules are reacted in a flame to form S,0 2 soot 
□articles These particles are deposited on the hot surface of a 
roS body whene they consolidate into a very viscous fluid which ,s 
later cooled to the glassy (solid) state. In the art, glass-makmg _ 
procedures o, this type are known as vapor phase hydroiysis/oxidation 
processes or simply as flame hydrolysis processes. 
I62 , The induced refractive index changes reported below in 
connection with the examples were determined by the beam spread 
method assuming a step index profile. A schematic of the 
experimental set-up for estimating the radiation-mduced change in the 
refractive index in the waveguides made according to the invention by 
this method is shown in Fig. 5. After writing a waveguide 16 ,n glass 
sample 4 using a spatial filter 20, a collimating lens 19, a beam sputter 
17. a telescope 18, and the lens 5, light from a HeNe laser 21 wa 
coupled into the waveguide 16 and the numerical aperture (NA) o ; the 
cone of light that emerged was measured. Since the length of the 
waveguides made in the example below was typically 1 cm unguided 
light from the HeNe laser interfered with the light coupled ou the 
waveguide. This interference resulted in an interference pattern of 
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™^ntrir rinas in the far field as recorded by a digital camera 14 and 
STSl5. A -orded image of the interference pattern 
is shown in Fig. 6. 

, 631 The radius at which the fringes became indistinguishable, R,«., 
was measured The distance from the exit of the waveguides to the 
ZZZZe. U was fixed a, 75 cm. The NA o, the wavegu.de was 
calculated from the relation 

164] NA = FW / L 

166, Assuming a step index profile, the ^'^ e .^ l2n 
change An was then calculated based on the relation An = (NA) / 2n. 

,661 in order that the invention can be more readily ^erstood 
eference is made to the following examples, which are mtended to be 
~e o, the invention, but are not intended to be liming ,n 
scope. 
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Example 1 

, B7 , Pulses from a TitSapphire multi-pass amplifier which were 60-fs 

Ireland had pulse energies o, approximately ^ZTs 
with a 10x (0.16 NA) microscope objective into fused-s.l.ca glass 
samples mounted on a computer-controlled high-precs.on 3-D 
r— stage. The fused-silica samples were — ^through 
the focal point of the beam at a rate of 30 nm/s. Wavegu.de 
structures were created within the bulk matenal. 



25 Example 2 

,681 A 830 nm laser was used to deliver 40 fs pulses at a 1 kHz 

,11 The energy per pulse was from about 1 nJ to about 5 
7 r £. was filed into the glass below the surface with a lens 
having a numerical aperture of 0.16 in air. Th VTn^m/s The 
30 under the beam at a rate of about 5 ,m/s to about 100 um/s^ The 
experimental conditions were kept constant for exposure to samples 



# 



of fuS ed silica and for 14 wt.% Ge^- 86 wt% SiO The b e a m W- 

fhe fused-silioa sample. From this result, we concluded that the 
—a silica materia, was more sensitive to re, = ,n ex 
changes induced by ultra-fast laser exposure than fused sihca. 
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Example 3 

[691 substrates of various glass compositions 't^TT^ % 
Lduct 7980) 22 wt.% GeCV 78 wt.% SO., and 9 wt./o 91 wt./o 

S O were exposed to focused laser radiation by the ax,al-wr,te 
n^-Ler wavelength was ,« ^^^^ 

The scan speea * estim ated from the far-field pattern of 

are tabulated below in Table 1. The annealing pent of each of these 
materials is also reported in Table 1 . 
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Table 1: Inducec 
Glass Composition 
(% based on 
weight) 


I reirauuun 
Annealing Point 

(°K) 


Induced Refractive 
Index Change 


"SiO^ (Corning 798U) 


1261 - 1323 


0.0003 


78%Si0 2 -22%Geu 2 


1311 


0.0009 


91%Si0 2 - 9%B 2 0 3 


1073 


0.0030 



Example 4 

t1 , A sample of 9 wt.% B 2 O s - 91 wt.% SI0 2 glass was exposed to 

Ledger radiation by the axial-write methoc I The laser 
wavelength was « ^^^T^ ^Ts^ 
" ZT*Z 1 ' — S h o. the far-field pattern 0, this 



ot Pin 7 The double-lobed pattern is indicative of the 
sample is shown at Fig. 7. The aouD,e , H d german ia 

Example 5 

„ , Each of the glass compositions listed in Table 1 were exposed to 
Each of the gia J' , th was 830 nm. The pulse 

C focused laser radiat.on. The las er wave B ^ Q g Jhe 

J5 duration was 40 femtoseconds. The energy pe. y 

S ,„ n speed was 10 ,m/s. After exposure, the samples were 

phojaphed through a;~e , ^ Zl 

Th w 9 £tE spot sizes for the softer ~ 
results indicate the increased sens,.,v,ty ^ ^J"" 
compositions to 40 fs pulsed laser .rrad.ahon at 830 nm. 

, 721 The foregoing results strongly suggest that softness of the 
exposld glass compositions is a key parameter in de.erm,n,ng the 
magn^ude o, the laser-induced refractive index change. 

20 Example 6 

[731 optica, waveguides were ^^^^2^0 
femtosecond laser .rrad.ation. A T..Sappnire a w 
nm with a pulse width ^"^^^ 1 k H, 

exposure therefore ranged from 0.05 - 1 x 10 W/c 
refractive index changes (10-) are reported m Table 2. 
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2 15 
Si 



30 i.e., 
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index chr~r ' Exam ?| e 6) 



Glass 

(% based on weight) 



Si0 2 



Pulse 
Energy 



2 
1 

0.5 



100 



0.4 
0.2 



50 



1.2 
0.03 



2.4 
0.2 



0.8 
0.4 



0.6 



9%Ge0 2 -91%Si0 2 



22%Ge0 2 - 78%SiQ 2 



2 
1 

0.5 
~~2 
1 

0.5 



0.5 



0.16 
0.01 



0.9 
0.2-0.5 



6 

0.9 

0.5 



16 
4-10 
1-2 



9%B 2 0 3 - 91%Si0 2 



2 
1 

0.5 



4* 
3-4 



10 
0.04 



10* 
0.1 



Si0 2 (hydrogen 
loaded) 



2 
1 

0.5 



double-lobed pattern 
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Example 7 

[74l optica, wav^es we, ^^^X^ at 830 

femtosecond laser irradiator, The uSa ppn re ^ ^ 

nm with a 150 fs pu.se w,d»h. The puis energy ^ g 

The pulse repetition rate was 1 ^ ^ ^ ,., near speeds of 15, 

NA lens. The glass substrate was ""^/^J^ translating 

50, and 500 ,m/s. The glass was exposed o the bea y 

the substrate relative to the J^^,^^ index 

in a direction perpendicular to the beam^ 

changes (10-) for Example 7 are reported .n Table 3. 



1 8 



Table 3: I 
Glass 


nduced reirac 
Pulse Energy 

M 


Scan Speed (nm/s) 


500 


50 


15 




20 


0.1 






Si0 2 


10 




0.9 


3 




5 




0.4 
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Example 8 

n , Fem toseoond laser pulses were produced by a ™* 
multipass amplifier which was seeded with a mode-locked Ti.Sapphire 
Oscillator The operating wavelength was 830 nm. The system 

o uted 60-,s pulses at a 1 KHz repetition rat. The : laser earn was 
focused into a sample of fused silica using a 10x (0.16 NA) single 
asphel- ns microscope objective. Photonic structures were wntten 
bv translating the sample with respect to the focal reg.on us.ng 
computer ontrolled three-dimensional stages which had a resolution of 
2 00 nm By using this objective having this relatively long worK.ng- 
« waveguides as long as 2 cm parallel to the beam were 
J «en Using'the NA measurement techniques were 
values for the induced refractive index change (10-) of the s.Uca were 
determined as reported in Table 4. In all cases, the diameter of the 
wav™es was approximately 3 urn. The waveguide d.ameter 
appeared to have minimal dependence on the incident pulse energy or 
the translation speed. 
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Table 4- induced refractive index change (10*) in fused silica 

(Example 8) -. 


Pulse 
Energy (u.J> 


Sfcan speed (^m/s) 






400 


200 


100 


50 


20 


10 


5 


4.0 






0.83 




3.3* 






2.0 






0.03 


0.3 


2.1* 


2.5* 




1.0 










0.065 


1.1 


0.97 


0.5 














0.53 



• double-lobed far-field intensity 1 pattern that is characteristic of a 

second mode 

- too small to measure 
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Example 9 

, 761 The experimental conditions of Example 8 were repeated, but the 
sample was made of the softer glass composition 9 wt .k B 2 O s 
* % Si0 2 rather than fused silica. The values for the mduced 
«e index change (10-, of the boron-doped si,ica ma.ena, are 
reported in Table 5. 

Table 5: Induced refractive index change (10 3 ) in boron-doped silica 



15 



20 



Pulse I 






Scan Speed Oim/s) 






Energy (jiJ) 


400 


200 


100 


50 


20 


10 


5 


4.0 


1.2 


1.7 


4.03* 










2.0 


1.1 


1.4 


2.5 


4.03* 


3.3* 


4.8* 




1.0 




1.1 


1.4 


3.3* 


4.83* 


3.3* 




0.5 






0.13 


0.83 
rn that 


2.1* 
is char 


acteri 


stic of a 



second mode 
- too small to measure 

,77, in most cases, the same write conditions, including pulse energy 
and scan speed, produced a larger induced refractive index increase ,n 
he boron doped silica glass than in the fused-silica glass. Accordm y, 
the ex osure'recuired to produce the same degree o, index change ,s 
significantly less for the boron-doped silica matenal than for the 
fused-silica material. 

I78 , The increased sensitivity of the boron-doped glass compared to 
he fused-silica glass is illustrated also by comparing the exposure 
2 5 required to produce the characteristic double-lobed far-field pattern as 
sh^n in Fig 6. This pattern appears to correspond to the onset of a 
second mode. 



sHfca and the pure fused-silica glasses, the response of the material 
I ansto saturate. Attempts to produce index changes arger than 
the saturation value by either increasing the pulse energy or by^ 
Teduc" ranslation speed resulted in damaged waveguides that did 
not efficiently guide light. 
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Example 10 

„ , A waveguide was written in a sample block of fused silica (Si0 2 ) 
u ing a Temtosecond amplified laser denoted as a Spectra- Physic 
SrTtfire The operating wavelength was 800 nm. the pulse rate 20 kHz, 
an "e pu se duration 40 fs. A 10x magnification object ve produced 
an approximately 3 urn diffraction-limited spot size through a 
an approximai Axial-writing techniques at translating 

:eTretr e : u v mrand A 2 r;;/s «l ^ * . «*. 

wlegles approximately 35 mm in length. ~ «"£ «J ^ 
energies were varied from approximately 0.2 ,J to 1 . M • * show 
Fig 9 a saturation of the refractive index increase (An) occurred 

se energies of approximately 0.75 uJ. Higher pulse energ, s 
resulted in a reversal of the refractive index mcrease. Under the same 
sX ; 400 nm light produced a decrease In refractive ,ndex. 



Example 11 



, 8 „ A similar experimental protocol as described in Example 10 was 
o owed oT a sample block of borosilicate glass at pulse energies 
followed to a sa v h a satura tion in refractive 
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increase (An) to translating speeds for the two wavelengths at 0.5 uJ 
pulse energies. 



Table 6 , . . 


speed p.m/s 


800 nm 
An x 10" 3 


400 nm 
An x 10" 3 


5 

1 0 
20 
50 

-inn 


0.0025 
0.002 
0.0019 
0.003 
n 0001 


0.0052 

0.0034 

0.0029 

0.002 

0.0018 





,82] As apparent from this table, the translating speed is of lesser 
Sortance than such factors as the glass composition, excitation, 
wavelength, and pulse energy, since the actual exposure , tme i 
dominated by the repetition rate. However „ an <^J^Z 
10 index is achieved, then decreasing the translating speed increases 
change in refractive index and increasing the translating speed, 
decreases the change in refractive index. 

I831 A wide variety of optical devices in bulk glass can be made using 
2 preset described materials and methods. Example 11 describes 
15 the fabrication and performance of a Y-coupler device. 
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Example 11 

dimension for clarity. The splitting angle was measured as 
approximately 0.5-. It was observed that approximately hal of the 
514.5 nm light was coupled into each of the two branches of the 
coupler. 

1861 The present invention can also be used to make a wide variety of 
ot r optical devices, such as the star coupler having centra g-.de 22 
surrounded by a plurality of peripheral guides 23, as shown ,n F,g. 11 A. 



10 



15 



20 



25 



The invention can also be used to make a passive Mach-Zehnder coupler 

thermal or other type activator 24, as shown hi F.g. 11C. could 
made using this invention. 

or trench-type activators. 

[B7 , it will be understood that the above described V"*™* 
[ ellent(s) ot the present Invention are s^ * = 
— ^t S^CT.^ ot the 

appended claims. 

split and scope of the invention defined by the clams.. 



